Abstract: Despite the demonstrated benefit from epidermal growth factor receptor (EGFR)-tyrosine kinase inhibitor (TKI) based therapies, EGFR mutant lung adenocarcinoma will eventually acquire drug resistance. Transformation to small-cell lung cancer (SCLC) is considered to be a rare resistance mechanism of EGFR-TKI therapy.
INTRODUCTION

E
pidermal growth factor receptor (EGFR)-tyrosine kinase inhibitors (TKIs) are highly promising and commonly used drugs that are well tolerated and have good antitumor activity in patients with sensitive mutations in the EGFR gene identified in specimens regarded as nonsmall-cell lung cancer (NSCLC). 1 These patients tend to have better responses to EGFR inhibitors, although unfortunately their disease will ultimately develop drug resistance, which, despite extensive research, remains to be solved. The EGFR T790 M mutation, MET amplification, and histologic transformation including SCLC transformation, have all been suggested as possible mechanisms of TKI resistance. Herein, we report a case of TKI resistance due to SCLC transformation, and review 18 previous reports to establish whether SCLC transformation is related to specific clinical characteristics and if it represents a new SCLC subtype.
CASE PRESENTATION
A 46-year-old Chinese man with no smoking history presented to our department complaining of a cough in December 2012. Computed tomography (CT) revealed patchy shadows in the left lung, which were obvious in the lingular segment ( Figure 1A ). The patient was administered several antibiotics to treat the suspected infection, although he did not report any improvement in his symptoms. A positron emission tomography 18 /CT (PET/CT) scan revealed a 50 mm Â 28 mm sized mass in the upper lobe of the left lung with intense uptake of (18F) fluorodeoxyglucose, and hypermetabolic pulmonary nodule deposits in both the left lung and left hilar. Hypermetabolic mediastinal (2R, 4R, and 10L) lymph nodes and a hypermetabolic thoracic spine were also identified. A CT guided percutaneous pulmonary biopsy was therefore performed, the findings of which confirmed the diagnosis of pulmonary adenocarcinoma ( Figure 2A ). This biopsy sample was genotyped and an EGFR exon 21 L858R mutation was identified using an amplification refractory mutation system (ARMS)-PCR method. The patient was therefore immediately started on gefitinib treatment along with radiotherapy to the thoracic spine. Within 10 months of gefitinib treatment, he had achieved excellent radiological partial remission ( Figure 1B ) evaluated according to the Response Evaluation Criteria in Solid Tumors (RECIST) guidelines.
In February 2014 a CT scan revealed a new nodule measuring 15 mm Â 17 mm in the lower lobe of the left lung ( Figure 3A) . The patient underwent a bronchoscopy examination that revealed a mass in the subsegmental bronchi of the lateral basal segment of the left lower lobe, which was sampled using a transbronchial biopsy. Meanwhile, second line chemotherapy consisting of platinum and pemetrexed was initiated while waiting for the pathological results. Reimaging 2 months later demonstrated a partial remission ( Figure 3B ). The previous biopsy suggested SCLC, and immunohistochemical analysis of the new biopsy confirmed this diagnosis with focally positive staining for AE1/AE3, positive staining for TTF-1 and Syn, and negative staining for LCA, CD56, and CgA, and a Ki-67 index of 85% ( Figure 2B and C). As there had been a favorable response to platinum-pemetrexed based treatment, this was continued for another 4 cycles and completed in June 2014. The patient was then immediately restarted on targeted therapy with gefitinib and had regional radiation 30 times to a total dose of 60 Gy to his tumor in the left lower lobe, which was completed by September. He started to complain of an increasingly severe cough in November, at which time a CT scan showed multiple patchy consolidations, a shadow, and nodules in both the upper and lower lobe of the left lung ( Figure 3C ). In addition, contralateral small nodules, thickening of the wall of the main left bronchus and several low-density shadows in the liver were observed. Radiation pneumonitis was diagnosed and the patient was started on glucocorticosteroid treatment. However, just after the CT scan, he began to suffer severe headaches 2 to 3 times a day. With these rapidly worsening headaches, he was almost bed-ridden and was readmitted to our hospital. The brain nuclear magnetic resonance (MR) imaging scan revealed cerebral and leptomeningeal metastases with ventriculomegaly, which was confirmed by the cytological findings ( Figure 2D ). The supernatant of his cerebrospinal fluid (CSF) was positive for the EGFR 21L858R mutation based on digital-PCR results, but there was no evidence for the T790 M mutation. A CT scan showed left pulmonary atelectasis ( Figure 3D ). Mannitol was administered every 6 hours to alleviate his intracranial hypertension, at which time gefitinib treatment was discontinued and erlotinib was administered along with intrathecal injection of methotrexate (MTX). However, intrathecal treatment was halted due to liver damage (total bilirubin 25.4 mmol/L, glutamic-pyruvic transaminase 232 U/L). One week after the commencement of erlotinib treatment, the patient's headaches were relieved under the same dose of mannitol and he was able to engage in light physical labor. Shortly after, unfortunately, he presented severe hemoptysis most probably caused by the mass in the left main bronchus. The patient was treated with hemostasis that controlled the hemoptysis, but he then began to complain of a severe stomach pain that was found to be caused by numerous liver metastases. Based on the rapid development of liver metastases and the mass in the left main bronchus, we attributed these 2 metastases to the transformed SCLC. On December 24 a single cycle of reduced oral etoposide was administered. Six days after the chemotherapy, a CT scan evaluation ( Figure 3E ) showed progression in the liver despite left lung puffs when this patient suffered IV degree myelosuppression and subsequently suffered gastrointestinal hemorrhage. The tumor progressed to an extent that obstructed the left main bronchus and caused a second left atelectasis, which, together with a hospital acquired pulmonary infection, resulted in a rapid deterioration in his condition and finally led to his death on January 17, 2015.
DISCUSSION AND LITERATURE REVIEW
The patient in the case described here was a middle-aged nonsmoking Chinese man who was initially diagnosed with pulmonary adenocarcinoma. However, the disease transformed to SCLC and became resistant to gefitinib. After that, despite the brief success of chemotherapy (platinum and pemetrexed) for the SCLC and a clinical response of his brain metastases to combined erlotinib and intrathecal MTX treatment, he died of aggressive cancer progression and complications of chemotherapy. Chronologically, the second SCLC is always perceived as ''transformed SCLC.'' A review of the relevant literature in PubMed revealed 18 previously reported cases of sequential SCLC after adenocarcinoma (Table 1) , involving 3 male and 15 female patients. Nine of the patients were nonsmokers and 4 were smokers, with an average age of 55 and 62 years old, respectively. Sixteen patients had activating EGFR mutations in their original adenocarcinoma, of who 11 (61%) had an exon 19 deletion mutation and 5 (28%) had the exon 21 point mutation L858R (Table 2 ). In the other 2 cases the NSCLC specimens were not found to harbor any EGFR mutations (cases 5 and 6). Amongst these 18 cases 5 patients were treated surgically, and 13 patients respond clinically to either gefitinib or erlotinib. One had a mixed response 2 with clinical resolution of the supraclavicular and left axillary lymph nodes but increased right pleural effusion. Based on radiography findings, the 2 types of tumor (the original tumor and the transformed one) in 6 of the patients were found in the same lobe and in 4 patients, including our patient, they were located in different lobes. These patients appeared to have had variable disease courses based on the available data, SCLC tended to occur later in earlier stage of adenocarcinoma (I, II, III A ) than in advanced ones (III B , IV) with an average interval of 59 months (range, 32-120 months) 
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in the former and 20 months (range, 14-31 months) in the latter, indicating that disease stage could be a risk factor for phenotypic change. [2] [3] [4] [5] [6] [7] [8] [9] [10] After development of the second cancer, 11 SCLCs carried the same EGFR mutation as their adenocarcinoma counterparts, and in the case reported by van Riel et al, the second cancer shared one of the original mutations. Interestingly, our case has some similar clinical features to previously reported cases involving nonsmoking patients, such as a comparatively young age, the type of EGFR mutation, advanced adenocarcinoma at first diagnosis, and a relatively short interval between the first and the second cancer. SCLC transformation from adenocarcinoma in patients with an EGFR tumor mutation has been suggested as a mechanism of resistance to targeted therapy in several case reports (cases 7-9, 15-18), 2-4,6-9 all of which described transformation to SCLC following or upon treatment with EGFR TKIs. This was supported by the findings of Sequist et al 5 who conducted a more systematic study, in which such transformation was found to be responsible for TKI resistance in 5 cases (cases [10] [11] [12] [13] [14] and the original EGFR mutation was maintained. Based on the presence of the same mutation, these 2 lung cancers were considered metachronous and the subsequent SCLCs were believed to either evolve from the adenocarcinoma or develop from a common precursor. In either hypothesis, according to these reports, EGFR mutations may promote a phenotypic change in adenocarcinoma or the differentiation of SCLC from its precursors, especially when cancer cells are exposed to EGFR TKIs. Although this seems a reasonable assumption based on published cases, the underlying mechanism remains unclear. In addition, combined SCLCs were previously considered to be rare, with a reported occurrence of 1% to 3.2% of all SCLCs, 11 the true proportion based on surgical specimens was found to be 9% to 26%. This suggests the combined data from previous case studies are limited because the pathological and genomic results of the second tumor are obtained through tissue biopsy instead of surgical resection, which could introduce sampling error. 12 To overcome this, Norkowski et al 10 included specimens excised from tumors in their study and demonstrated that among 6 patients with metachronous occurrence of SCLC after being diagnosed with adenocarcinoma, only 2 had a history of TKI use, and they therefore concluded that the incidence of SCLC in patients with adenocarcinoma is associated only with EGFR mutation status and not TKI use. They also concluded that metachronous SCLC could have different EGFR mutations from the previous adenocarcinoma (cases 1, 4, and 5). 10 Their findings support the concept of tumor heterogeneity, that is, the differentiation of both cancers from pluripotent cells. Norkowski et al also suggested that the high proportion of EGFR mutations in tumors that underwent phenotypic change reinforced the hypothesis of a pluripotent population in EGFR-mutant cancer. However, in the available 18 published cases all 14 patients with advanced adenocarcinoma had been treated with an EGFR-TKI, and thus we can still infer that in advanced adenocarcinoma the use of an EGFR-TKI may activate pluripotent cells or drive a specific differentiation. To summarize, we postulate at least 3 mechanisms that could account for the switch between NSCLC and SCLC. Firstly, as described above, SCLC can result from the dedifferentiation of a previously well-defined cancer, which is similar to a mechanism known to occur in prostate cancer. 13 The observed evolution of SCLC from NSCLC in patients who are not administered an EGFR-TKI and a shared mutation support this mechanism. The predisposition 14 and TKI use may play a role in this dedifferentiation based on previous investigations and the findings of previous case studies, but the paucity and limitation of biopsy material needs to be considered. Furthermore, patients treated with EGFR-TKIs usually have advanced adenocarcinoma, which will probably have undergone a long series of differentiation events, so the effects of EGFR-TKIs in this transformation remain undetermined. Secondly, both NSCLC and SCLC could arise from the same cancer stem cell or progenitor cell. The adenocarcinoma can differentiate and present as the first cancer. The activation of specific signaling pathways can lead to dormant stem cells undergoing SCLC transformation. 15 Thirdly, it is possible that the 2 components are both present at initial diagnosis but the limited material available for analysis means that some synchronous cancers are mistaken as metachronous cancer, which may explain the occurrence of some combined cancer without a clear differential interval.
In SCLC, the response rate of the standard regime (cisplatin or carboplatin plus etoposide) was reported to be 70% to 90% for limited-stage disease and 60% to 70% for extensive stage disease, and the corresponding overall survival was reported to be 14 to 20 months and 9 to 11 months, respectively. Among the 18 patients, 8 patients were reported to have received platinum-based chemotherapy and 7 of them received the standard regime composed of cisplatin/carboplatin and etoposide. In all 6 cases in which treatment efficacy was reported, only 1 involved disease progression despite administration of the standard regime, giving a response rate of 83%. However, of the patients with survival data who had undergone chemotherapy, the overall survival was only 7.1 months in SCLC, even after a favorable response. Our patient also responded to a platinum-based therapy, with an overall survival of 10 months. The patient who progressed after conventional chemotherapy declined quickly despite salvage chemotherapy, and autopsy later revealed only SCLC in the lung, thoracic lymph nodes, liver, and nodules along the diaphragm, and the original EGFR L858R mutation and adenocarcinoma were present in the brain metastases. 5 The autopsy of another case unexpectedly revealed metastatic SCLC harboring the original mutation in multiple organs without any adenocarcinoma. 9 It seems that conventional chemotherapy consisting of platinum and etoposide is effective initially and it is the development of SCLC that proves fatal, suggesting that clinicians should focus more on SCLC when treating these patients. Nevertheless, despite the limited number of patients and staging accuracy, it seems reasonable to infer that this transformed SCLC is comparatively aggressive even with effective treatment, which may be related to the overall condition of the patient and complications of chemotherapy. Some patients continued TKI treatment and began chemotherapy based on VP-16 after transformation (cases 2 and 18). However, the limited number of patients means that we cannot yet determine whether continued EGFR-TKI treatment brings any further clinical benefit. Based on the available clinical information, these transformed SCLCs carry a relatively poor prognosis compared with classic SCLC. In addition, all of the cases underscore the importance of incorporating repeated biopsies into clinical practice when EGFR-TKI resistance occurs. Taking the characteristics of the 18 patients into consideration, we suggest that, for patients who progress rapidly, especially those who are young, nonsmokers, and have EGFR mutations or mixed histology, SCLC transformation and rebiopsy should be considered when managing drug resistance, 9, 16 and frequent surveillance may be needed. Moreover, tumor biomarkers such as serum carcinoembryonic antigen (CEA) combined with other biomarkers such as neuron specific enolase (NSE) and progastrin-releasing peptide (ProGRP) might allow the prognosis and therapeutic efficacy to be evaluated for NSCLC. 17, 18 These markers may also indicate disease progression or histological change, although whether they can accurately predict SCLC transformation or the existence of progenitor cells remains to be determined.
The case we report here poses a challenge with respect to the TNM classification and the proper treatment for transformed SCLC. Whether these patients benefit from concurrent chemoradiotherapy or PCI following traditional chemotherapy requires further study. Although there is evidence that separating SCLC into limited and extensive stages is of benefit, it could be inferred that reclassification of SCLC is necessary, 19 especially for individuals with multiple cancer. These cases may represent a new subgroup with previous NSCLC, an EGFR mutation, no standard treatment, a poor prognosis, and short overall survival. Genome sequencing has revealed a high prevalence of mutations in the TP53 and RB1 genes in SCLC, suggesting that these mutations might have a role in transformation. In addition, it has been suggested that alveolar type II cells give rise to SCLC, 20 and to understand the transformed subgroup better, further investigations are required to explore the molecular mechanisms of this transformation especially those involving the EGFR, RB1, and TP53 genes, and to identify the most appropriate treatment for these patients.
CONCLUSIONS
In conclusion, we have tried to provide some practical information regarding SCLC transformation in patients with pulmonary adenocarcinoma treated with EGFR-TKIs, and we suggest that cancers that undergo this transformation may represent a new subgroup of SCLC that requires further study.
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